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An intercomparison exercise was conducted using the recently developed Reference Material for 
Nutrients in Seawater (RMNS). Discrepancies of reported values among laboratories were greater 
than the homogeneity of RMNS samples and the reported analytical precision of nutrients. The 
variability of in-house standards of the participating laboratories might be the most likely source of 
interlaboratory discrepancies. Therefore, the use of common reference materials, i.e. certified RM, is 







 Measurements of nutrients in seawater have a long history, but neither widely used 
reference material for nutrients in seawater in our oceanographic community nor an 
internationally agreed scale of nutrients in seawater is available. Therefore, it is difficult to 
discern small changes in nutrient concentrations between laboratories, which might be 
important to clarify oceanic carbon and nutrient cycles. There is an urgent need to develop 
certified reference materials for nutrients in seawater1-3 and to establish comparability of 
nutrient data of the world’s oceans provided by different laboratories.  
Efforts to establish comparability of nutrients in seawater have been carried out for over 30 
years. The International Council for the Exploration of the Sea (ICES) conducted 
intercomparison exercises for nutrients in seawater five times from 1965 to 1993.4-9 The 
exercises resulted in considerable improvements in techniques for both measuring nutrients in 
seawater and producing reference materials. The National Oceanic and Atmospheric 
Administration (NOAA) and the National Research Council (NRC) conducted intercomparison 
studies in 2000 and 2002 using reference material.10-11 The reference material they used was 
certified based on consensus concentrations obtained by the intercomparison exercise and was 
provided as MOOS-1 from the National Research Council of Canada in 200312; it became the 
first certified reference material for nutrients in seawater in a seawater matrix. A second set of 
certified reference materials for nutrients in seawater were provided as QC-SW3.1, 3.2, 4.1, and 
4.2 by EUROFINS in 2006 (http://www.eurofins.dk/index_en.asp). However, the nutrient 
concentrations of MOOS-1 and QC-SW3.1, 3.2, 4.1, and 4.2 were too low to encompass the 
nutrient concentrations in the Pacific Ocean and some other oceans. 
An intercomparison study using the newly produced Reference Material for Nutrients in 
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Seawater (RMNS) was conducted in 2003 to examine interlaboratory comparability for 
nutrients in seawater with one of the authors (M. Aoyama) as a coordinator. This study utilized 
two improvements in sample treatment compared with the previous studies.4-11 One 
improvement was that the RMNS sample concentrations almost covered the ranges of 
concentrations in the Pacific Ocean, in which the peak concentrations are the highest of the 
world’s oceans; the RMNS concentrations were 0–38μmol kg–1 for nitrate, 0.0 to 0.9μmol kg–1 
for nitrite, 0.1 to 2.7μmol kg–1 for phosphate, and 2 to 136μmol kg–1 for silicic acid. The other 
improvement was that the four determinants—nitrate, nitrite, phosphate, and silicic acid—could 
be analyzed in a single bottle under the same conditions as those for natural seawater samples. 
We first describe in this paper the experiment methods for the intercomparison, together 
with the process of RMNS production. We then examine whether consensus values, which are 
important for future certification of RMNS, can be obtained from the reported values of the 
intercomparison exercise. Finally, we discuss the effectiveness of the RMNS for establishing 
comparability of nutrient data in the world’s oceans. A detailed report of the “2003 
Intercomparison Exercise for Reference Material for Nutrients in Seawater in a Seawater 












Seawater with various nutrient concentrations was collected from the surface to deep water 
in the western North Pacific Ocean. The RMNS of specific concentrations of nutrients (one 
batch) was prepared as follows.  
The seawater was gravity-filtered with a membrane filter with a 0.45μm pore size. We used 
a stainless steel container with 40-l volume for five of the six batches used in this 
intercomparison exercise and a stainless steel container with 100-l volume for one of the six 
batches, sample #3. The seawater was sterilized by autoclaving at 120°C for 2h; the autoclaving 
was then repeated twice. The autoclaving was based on previous studies,15,16 the details of which 
are described elsewhere.14 The seawater was cooled for a few days to room temperature, after 
which an aliquot (90ml) of autoclaved seawater in the stainless steel container was filtered 
through a 0.22μm pore size membrane into polypropylene (PP) bottles with 100ml volume. 
These bottles had been rinsed with pure water and exposed to UV-light before they were used. 
Each PP bottle was vacuum-sealed in a vinyl bag to prevent subsequent contamination from air 
and evaporation or condensation of water. The bottling process was conducted in a clean room 
of class 1000.14 
Six batches (RMNS #1 – #6) of various nutrient concentrations were prepared for the 
intercomparison exercise using the autoclaving method described above. The nitrate 
concentrations did not change during the autoclaving. However, the phosphate concentrations 
decreased 7% and the silicate concentrations decreased 5%. The reasons for these nutrients 






The homogeneities of 30 bottles of RMNS #3 for nitrate+nitrite, phosphate, and silicic acid, 
expressed as the coefficient of variation (CV), are provided in Table 1, together with the 
analytical precisions (CV) that were estimated from 30 unprocessed seawater samples with 
nutrient concentrations similar to those of RMNS #3. The homogeneities for nitrate+nitrite and 
silicic acid of RMNS #3 were almost equivalent to the analytical precision for unprocessed 
seawater, implying good homogeneity. The homogeneity for phosphate was only double the 
analytical precision, and therefore the coordinator considered the homogeneity of phosphate to 
be sufficient for the intercomparison exercise. 
No analyses were conducted for other batches of RMNS due to a limited number of RMNS 
bottles. Nevertheless, we consider that the others had the same level of homogeneity as RMNS 
#3 since they were prepared following an identical procedure. 
A long-term storage experiment demonstrated that the homogeneity and concentrations of 
nutrients are maintained near room temperature for about four years; details of the long-term 
storage experiment are available elsewhere.14 
 
Sample shipment and responses 
The six batches of RMNS used for the intercomparison exercise were produced in 2001 
and 2002 and were sent to participants (eighteen laboratories from five countries) in the year 
2002. Individual laboratories were provided with one sample from each batch, i.e., six samples 
in total. The shipping method to each laboratory was normal transport on a commercial basis by 
air for foreign laboratories and by surface for Japanese laboratories. No serious damage to 
RMNS during transport was reported, but one laboratory reported a shortage of samples 1 and 4. 
One laboratory cancelled participation in the intercomparison exercise, which left 17 
laboratories. All results from the 17 laboratories were received by April 2003. One group did not 
report nitrite. Four laboratories did not report nitrate; instead, they reported nitrate+nitrite. The 
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nitrate concentrations for those laboratories were calculated by subtracting the concentrations of 
nitrite from those of nitrate+nitrite. Four laboratories did not report silicic acid. 
 
Results and Discussion 
 
Consensus values 
We defined the consensus value (mean and median) of a nutrient species based on the 
successive application of the t-test. We calculated the modes as being statistically equal to the 
values reported from the majority of the laboratories. 
A t-test at the 95% confidence level was applied to each species (nitrate, nitrite, 
nitrate+nitrite, phosphate, and silicic acid) of each batch (RMNS #1 through #6) before 
calculating the consensus means and medians. This selection procedure was repeated until a 
stable mean was reached. The stable means were obtained by a second iteration. 
The means computed from the selected data are listed in Table 2, together with standard 
deviations, medians, and modes. The medians were calculated from the original reported values, 






1)( ΛΛ −−=σ+σ+<≤σ−σ+       (1), 
 
where x  and σ  are the consensus mean and standard deviation. Values in parentheses 
represent the ith class. 
The means, medians, and modes were in excellent overall agreement for all species and for 




Discrepancies in reported values 
The standard deviations (expressed as CV) of the reported value filtered by the successive 
application of a t-test, as described above for RMNS #3, were compared with the homogeneities 
of RMNS #3 (Table 1) to estimate the overall discrepancies between the reported and consensus 
values. 
The standard deviation of the consensus values for nitrate+nitrite was only double the 
homogeneity, which suggests that the interlaboratory comparability is high. Therefore, our 
community now has an analytical technique suitable for producing nitrate+nitrite data of high 
reproducibility. In contrast, the consensus standard deviation for phosphate was 4.5 times 
greater than that of the homogeneity, and the consensus standard deviation for silicic acid was 
more than 10 times greater than that of the homogeneity.  
Several participating laboratories also reported their analytical precision. This information 
is important for discussions regarding the cause of discrepancies of reported values. Table 3 
presents the medians, the range of analytical precision at participating laboratories, and 
consensus standard deviations for sample #3. The analytical precision for nitrate+nitrite was 
0.2% as the median among the laboratories and ranged from 0.1% to 0.6%, while the consensus 
standard deviation of nitrate+nitrite for sample #3 was 1.0%. The consensus standard deviation 
for nitrate+nitrite was five times greater than the analytical precision. The analytical precision 
for phosphate and silicic acid was 0.9% and 0.4% as the median among the laboratories, while 
the consensus standard deviations of phosphate and silicic acid were 3.5% and 1.7%. Therefore, 
the consensus standard deviations for phosphate and silicic acid were four times greater than the 
analytical precision. These results indicate that interlaboratory comparability for nitrate+nitrite, 
phosphate, and silicic acid is relatively low when we consider the homogeneity of the RMNS 
sample and the reported analytical precision of participating laboratories. These results also 
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indicate that variability in in-house standards of the participating laboratories may be the source 
of interlaboratory discrepancy. 
A close inspection of Table 2 reveals discrepancies between means and modes, particularly 
for an RMNS of low concentration. The difficulty with blank determination is the most likely 
source of these discrepancies. 
We calculated the Z-score (Zspc) to evaluate discrepancies in the reported values among 
laboratories as follows: 
 
Zsp c= | (Cspc - Ccon) / Psp |         (2) 
 
where Cspc and Ccon are the concentrations of RMNS measured by individual laboratories for 
each species and the consensus mean (Table 2). Pspc is the standard deviation of each species 
(Table 2). 
 Z-scores were calculated for each reported value (24 values; 6 RMNS ×  4 species at 
most), but they were averaged for each species: ZNO3, ZNO2, Zp, and Zs (Table 4). Even if 
anomalous values such as ZNO3 = 22.97 were excluded from consideration, laboratories reporting 
nutrient values with large discrepancies (Zspc > 1.00) remained. However, the averaged Z-scores 
((ZNO3 + Zp)/2 or ZNO3+ Zp+ Zs)/3) indicate that some laboratories, for example laboratories 3, 4, 
5, 6, 7, 8, 10, 13, 15, and 18, consistently reported values with small discrepancies (Zspc ≤ 1.00) 




The results of the intercomparison exercise revealed the existing interlaboratory 
comparability of nutrients data. The standard deviation for phosphate (silicic acid), which 
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represents the overall discrepancy of reported values, exceeded 4.5 times (10 times) the 
homogeneity of the RMNS prepared for the intercomparison exercise. The standard deviation 
for nitrate was only about double the homogeneity. These results demonstrate that our 
community has an analytical technique for nitrate that is sufficient to provide data of high 
comparability. The consensus standard deviations for nitrate+nitrite, phosphate, and silicic acid 
were four to five times greater than the analytical precision. These results also indicate that the 
variability in in-house standards of the participating laboratories might be the most likely source 
of interlaboratory discrepancies. Therefore, use of common reference materials, i.e. certified 
RM, for nutrients in seawater is essential to improve and establish comparability of nutrient data 
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Table 1. Analytical precision estimated from unprocessed seawater and the homogeneity and consensus standard deviation (s.d) of RMNS #3, all 
expressed by CV. 
 
Nutrients Analytical precision Homogeneity Consensus s.d. 
 n % n % n % 
Nitrate+nitrite 30 0.34 30 0.44 15 1.0 
Phosphate 30 0.32 30 0.80 17 3.5 
Silicic acid 30 0.16 30 0.15 13 1.7 
Note: Concentrations of nutrients in unprocessed seawater were 43μmol kg-1for nitrate+nitrite, 3.1μmol kg-1 for phosphate, and 148μmol kg-1 for 
silicic acid. 
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Note: n represents the number of data used to calculate the consensus mean and standard deviations after successive application of a t-test at the 




Table 3. Median and range of analytical precision of participating laboratories and consensus standard deviation (s.d.) for sample #3 
Nutrients Analytical precision 
of participating laboratory 
Consensus standard deviation 
     n Median (range)  n C.V. 
Nitrate+nitrite 9 0.2% (0.1-0.6)    15 1.0% 
Phosphate 8 0.9% (0.5-2.5)    17 3.5% 
Silicic acid 6 0.4% (0.2-0.7)    13 1.7% 
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Z  PZ  SZ  2/)( 3 PNO ZZ +  3/)( 3 SPNO ZZZ ++  
 1 22.97 2.07 1.02 1.34 11.99 8.44 
 2  3.71 1.43 1.24 6.04  2.48 3.66 
 3  0.37 0.44 0.41 0.65  0.39 0.48 
 4  1.02 0.63 0.97 0.52  1.00 0.84 
 5  0.46 0.41 0.95 n.d.  0.71 n.d. 
 6  0.33 0.39 0.63 0.08  0.48 0.35 
 7  0.71 0.77 1.16 0.96  0.93 0.94 
 8  0.90 0.97 0.38 1.02  0.64 0.77 
 9  0.58 0.77 2.12 1.80  1.35 1.50 
10  1.02 1.46 0.68 n.d.  0.85 n.d. 
11  2.13 0.96 0.77 0.63  1.45 1.18 
13  0.69 0.50 0.61 1.27  0.65 0.86 
14  0.86 1.08 1.19 n.d.  1.02 n.d. 
15  0.89 0.81 0.78 n.d.  0.83 n.d. 
16  1.19 0.84 2.28 0.79  1.74 1.42 
17  2.65 1.84 0.65 0.53  1.65 1.27 
18  0.36* n.d. 0.96 2.58  0.66 1.30 
       
*
3NO
Z  was not available for this lab and therefore the Z-score of nitrate+nitrite was used. 
n.d.: No data available. 
